INTRODUCTION
Chestnut blight was discovered for the first time in New York City in 1904 (94) , marking the beginning of an ecological disaster in the forests of eastern North America in which the American chestnut (Castanea dentata) was transformed from a dominant tree to an inconsequential component of the understory. This devastating epidemic was caused by the ascomycete fungus Cryphonectria parasitica, which was accidentally introduced on chestnut trees imported from East Asia (102) . A parallel story unfolded in Europe. The disease was first identified on European chestnuts (Castanea sativa) in Italy in 1938 in a forest near Genoa (15) . The disease rapidly spread throughout Italy and most of southern Europe.
0066-4286/04/0908-0311$14.00
312

MILGROOM CORTESI
This pathosystem has become a textbook case for the consequences of introducing a virulent pathogen into susceptible host populations (4, 54).
The other textbook example associated with this pathosystem is hypovirulence, a phenomenon in which fungal viruses significantly reduce the virulence of C. parasitica to chestnut trees. Hypovirulence has fascinated plant pathologists for more than 50 years since its discovery in Italy (16) when unusual chestnut blight cankers were first observed. Hypovirulence in C. parasitica has become a model system for the biology of fungus-virus interactions. Despite its value for basic biology, the fascination with this system has clearly derived from the motivation to apply hypovirulence for biological control.
Biological control is generally appealing for plant disease management because it has a minimal impact on the environment. For diseases of forest trees, biological control is especially attractive because other types of management, e.g., sanitation or fungicide treatment, are prohibitively expensive and/or environmentally unacceptable. Biological control with hypovirulence offers one of the few hopes for managing chestnut blight in forests; however, it has only been realized in limited circumstances. Success with biological control, in general, depends on finding just the right conditions, whether they are environmental or biological, and hypovirulence is no exception. Some claims of success with hypovirulenceperhaps based more on hope than reality-need to be critically challenged because biological control is not successful under all conditions.
The objective of this review is to evaluate critically the successes and failures of biological control with hypovirulence as a means of managing chestnut blight. We start by briefly describing the system and reviewing some of the recent developments in the biology of C. parasitica and its viruses as they relate to biological control. This is followed by a review of the major biological control efforts for chestnut blight with hypovirulence in Europe since 1994, when it was exhaustively reviewed (60), and a review of biological control efforts in North America. We do not attempt to review this area exhaustively, but instead focus on the most prominent studies of biological control. Our main objective, however, is to evaluate the effects of hypovirulence critically, and to discuss the factors potentially responsible for success or failure of biological control of chestnut blight.
HYPOVIRULENCE IN CRYPHONECTRIA PARASITICA
Hypovirulence is a phenomenon in which the virulence of C. parasitica to chestnut trees is reduced primarily by infection by fungal viruses. The early work on hypovirulence in Europe (50, 52, 53) inspired a renewal of research on chestnut blight in the United States. In the 1970s, an association was found between hypovirulence and the presence of double-stranded RNA (dsRNA) in C. parasitica (36, 128) . These dsRNAs were later shown to be from viruses (62, 65, 120), although Koch's postulates were not fulfilled until molecular virological techniques were applied to show definitively that a virus was the cause of hypovirulence (28) .
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The molecular genetics of fungal-virus interactions in C. parasitica have been extensively reviewed (35, 104, 105) and are not summarized here. Hypovirulence caused by nonviral cytoplasmic elements, e.g., defective mitochondria or plasmids (13) , are not discussed in this review, although some of the same constraints on biological control with viruses may be directly relevant to these other elements.
CRITERIA FOR EVALUATING BIOLOGICAL CONTROL
Evaluating the success or failure of hypovirulence for biological control of chestnut blight is not simple. Kuhlman (77) noted that "research on hypovirulence in C. parasitica has considered briefly retarded disease development to be synonymous with biological control," even if trees continue to die and new disease is not prevented. We find this definition unsatisfactory and see a need to evaluate biological control in terms of more practical criteria for disease management, not just brief delays in disease progress. Defining success or failure, in part, depends on the goals of a biological control program. In the context of hypovirulence, Grente & Berthelay-Sauret (51) articulated the duality of goals for biological control when they distinguished between therapeutic treatment of individual cankers and the spontaneous spread of viruses in the fungal population. This duality could also be stated in terms of the scale at which biological control is intended to succeed: individual or population scales. Therefore, the perception of the success of hypovirulence depends, in part, on the scale at which one is interested. In general, hypovirulence is consistently successful at the scale of individual cankers that are treated with virus-infected isolates of C. parasitica (18, 19, 51, 53, 76) , and is especially relevant in chestnut stands where applications of biological control are done intensively. In contrast, the spontaneous, self-perpetuating spread of viruses to new cankers in fungal populations has had mixed success, as described in detail below. The relevance of the dichotomy in scales can be summed up simply as follows: The successful control of a single canker is irrelevant at a population scale if another canker forms on the same tree, girdles, and kills that tree.
The focus of this review is to evaluate biological control as a population phenomenon, i.e., we are concerned primarily with the natural spread of hypoviruses in populations of C. parasitica. Our evaluation of biological control studies involves the following criteria: (a) the presence, persistence, and spread of hypoviruses in C. parasitica populations; (b) reduction of disease incidence and/or severity; (c) increase in tree growth and survival; and (d) increase in productivity of marketable chestnut products, e.g., lumber and/or nuts.
One of the complications in studying biological control with hypovirulence is that large stands of chestnuts need to be treated and assessed over a relatively long time to determine whether hypovirulence spreads on its own at a population scale. These requirements may have constrained the types of experiments and number of replications conducted. Inferences from some studies, unfortunately, may not be justified because their experimental designs are inadequate. The most serious 315 shortcoming is the failure to randomize treatments to experimental units (typically plots of chestnut trees), often evident as the lack of appropriate controls, either in the number of control plots or in using control plots that are not of comparable size or condition as treatment plots. Caution is needed when drawing conclusions from these studies.
EVALUATION OF BIOLOGICAL CONTROL WITH HYPOVIRULENCE
Hypovirulence in Europe
The history of chestnut blight and hypovirulence in Europe was summarized thoroughly by Heiniger & Rigling (60) in 1994, and therefore, after a brief summary, we focus on examples published since then. In general, blight incidence is often high, but also variable, in Europe. Although incidence is high, disease severity is considerably less now compared to early stages of the epidemic before hypovirulence was widespread. The most obvious difference in severity is manifested in the frequency of healing cankers, which is also highly variable. Young, regenerating trees typically exhibit lower incidence but higher mortality caused by blight, and relatively low frequency of healing cankers. Later, as trees mature and become more resistant (12) , incidence continues to increase, but hypovirulence becomes more common and tree mortality declines.
The spread of chestnut blight and hypovirulence in Europe was recently summarized by Robin & Heiniger (116) . Blight spread rapidly throughout most of southern Europe from northern Italy since the 1940s. In the 1960s and 1970s, blight advanced into central Europe and southeast into the Balkan Peninsula and Turkey. Since the late 1980s, C. parasitica has spread west to northwestern Spain and Portugal and north in France, to Switzerland north of the Alps, and to Germany. In many of the newer areas, blight has caused severe disease (75) reminiscent of the original epidemics in Italy, France, and Switzerland in the 1940s and 1950s.
In most of the epidemic front regions, only limited hypovirulence occurs (116) . As in Italy, the detection of healing cankers and hypoviruses has tended to follow the arrival of blight by 10 or more years. In most areas, hypoviruses invaded populations of C. parasitica naturally and not from deliberate introductions. Efforts with biological control are currently being conducted in some of these epidemic front regions (67) and may augment the rate at which hypovirulence will spread.
To understand chestnut blight and hypovirulence in Europe, it is important to distinguish the silvicultural differences among the types of chestnut stands. The two most common types of chestnut stands are orchards, maintained primarily for nut production, and coppice forests, managed for wood production. Orchards typically have regularly or nearly regularly spaced trees of chestnut varieties grafted onto young stems from either naturally dispersed seeds or thinned in coppices (110) . Many of these trees were grafted or planted long ago as an important food source for the people of rural communities. Relatively few orchards are planted specifically for nut production nowadays, although some plantations have been established recently on specialized farms, mostly located in traditional areas for producing the highly prized marron varieties. Coppice forests resulted from a gradual transformation by cutting of some old chestnut forests, as a result of various economic and sociological factors. Coppice stands are typically clear-cut at 20-year intervals and regenerate in clusters of small stems. Some stands are managed on longer rotations (30-50 years) to increase their value for wood. One difficulty in classifying chestnut stands is the multipurpose nature of some stands. For example, grafting for nut production sometimes is done in coppice forests, but grafted trees are not cut when the rest of the stand is harvested for wood.
Management for chestnut blight is not a high priority in most orchards, and there is no disease management in coppice stands because of the relatively low economic value of the crop. In contrast, biological control is a regular feature of chestnut production in plantations in France and to a limited extent in Italy because the crop has a higher value. Along with hypovirulence, sanitation by pruning and removal of diseased branches is part of an integrated program of blight management. Sanitation may reduce the amount of inoculum available, but alone has a relatively small effect on disease progress. Fungicides may occasionally be applied in rare situations, i.e., to protect grafting.
ORCHARDS AND PLANTATIONS Deployment of hypovirulent isolates for biological control at the population level occurred in large areas of France in the 1960s and 1970s (51) . These deployments revealed biological and operational failures as well as successes. Most of the treated and nearby untreated cankers healed within a few years. However, low therapeutic efficacy was reported for stands comprising old trees with rough, wrinkled bark because it is very difficult to find the margin of the canker, which is essential for treatment (130; M. Bisiach, personal communication). Other failures occurred in some plantations in the southwest because "hypovirulent isolates were not suitable for the site" (130) . These failures may have been caused by the occurrence of different vegetative compatibility (vc) types of C. parasitica in the southwestern populations compared to the rest of France (115) . Vegetative incompatibility, as described below, can restrict the transmission of hypoviruses in C. parasitica and potentially impede therapeutic treatments. A similar problem was reported more recently for Slovakia where the percentage of treated cankers that healed ranged from 20% to 80% (75) .
The natural spread of hypovirulence was evaluated in France about 20 years after release, by determining the frequency of white isolates in populations of C. parasitica, indicative of CHV-1 infection. Frequencies of CHV-1-infected isolates from treated areas ranged from 4% to 60% and were not different from those in untreated areas in most regions (115) . Based on these results, it is unclear if the spread of hypovirulence is a natural phenomenon or, to some extent, is the result of deployment of hypovirulence. Existing data are insufficient to answer this question definitively.
COPPICE FORESTS As in orchards, the natural spread of hypovirulence in coppice forests has been variable; where hypovirulent isolates have not been released, healing cankers are common in some areas but not others (72, 109, 125) . In areas where hypovirulence had not been deployed, the frequency of virus-infected isolates in populations of C. parasitica ranged between 0% and 35% (Y.-C. Liu, P. Cortesi & M.G. Milgroom, unpublished data) and in some places was not different from frequencies in treated areas (P. Cortesi, unpublished data). Natural dispersal of hypoviruses between cankers on the same tree was documented within less than one year after an experimental release in Italy (43) , most likely because of conidia washing down the stem after rainfall. In an experimental release of CHV-1 in northern Switzerland, CHV-1-infected isolates were recovered from 24% and 36% of the untreated cankers one and two years after virus release, respectively (67). In addition, 12% of the new cankers forming after the initial treatment contained CHV-1. This latter study confirms previous reports (18, 19) that experimental treatments in coppice forests can result in the subsequent spread of CHV-1.
In southern Switzerland, experimental release of hypovirulent isolates was done only in one location, even though hypovirulence is evident throughout the region (U. Heiniger, personal communication), demonstrating natural spread. In this same area, Bissegger et al. (20) described disease progress of chestnut blight, incidence of hypoviruses, and tree mortality in a coppice stand over a four-year period, 6 to 10 years after a clear-cut. Disease incidence increased rapidly, from 37% to 60%, and the total number of cankers almost doubled. The overall incidence of hypoviruses was 40% and 59% in the two sites, and 66% and 80% of cankers yielded at least one virus-infected isolate of C. parasitica during the study. Tree mortality caused by blight was 15% in four years, although even greater mortality in small sprouts was attributed to natural thinning due to competition. The effects of hypovirulence on disease progress and tree mortality were not possible to determine in this study because only naturally occurring hypovirulence was observed and it is impossible to exclude hypoviruses from a field plot.
On a longer time scale, Robin et al. (117) recently assessed disease incidence and healing cankers in coppice stands that were treated with hypoviruses in 1975. Consistent with other studies, they found high disease incidence (70%-91%), but low disease severity: 41%-95% healing cankers. The striking result in this study is that disease incidence, frequency of healing cankers, and frequency of virusinfected isolates were not different between treated and untreated plots, indicating that hypovirulence had spread naturally in this area. The subtype of CHV-1 recovered in this area differed from those released earlier, further indicating the natural spread of viruses in C. parasitica (117) .
In 2003, we assessed blight incidence and healing cankers in a coppice forest in Portofino Park, near Genoa, Italy (unpublished data). In part of this forest, all of the trees >20 years old had one or more cankers; however, about 90% of the cankers were healing. In general, the mature trees in this forest appeared very healthy; tree mortality was low (circa 4%). Nearby, a smaller stand of younger stems (circa 2 to 3 years old) tells a much different story. Disease incidence was lower, just over 50%, but the frequency of healing cankers was also much lower: 0% in one area, and 32% in another. Stem mortality in these young stems averaged 6%. We are not aware of any previous studies or releases of hypovirulence in this area. Therefore, the old stand most likely has experienced a natural spread of hypovirulence.
The consistent pattern that emerges from these examples, and those cited earlier (60), is one of high disease incidence and low severity. All of these examples demonstrate some degree of natural spread of hypovirulence. However, two questions remain unanswered. First, the efficacy of releasing hypoviruses is unclear.
Results from France strongly suggest that the release of hypovirulence 25 years earlier was not responsible for the current state of hypovirulence because the virus type found in this study differs from the one released (117) . Second, it is virtually impossible to determine the effects of hypovirulence per se on tree survival. Conducting a rigorous experiment to test the effects of hypovirulence requires the ability to exclude hypoviruses from control plots. This is currently impossible to do. Thus, we are left with the plausible, but not experimentally verified, explanation that hypovirulence is the major factor affecting tree survival.
Hypovirulence in Asia
Chestnut blight is a relatively minor problem on Asian chestnut species (primarily Castanea mollissima and Castanea crenata) because they are resistant to C. parasitica. In a few orchards, particularly where trees experience environmental stress, chestnut blight may occasionally be a serious problem. Although CHV-1 has been found in Japan (84, 108) and Korea (B. Cha & M.G. Milgroom, unpublished data), little or no research has been done on biological control with hypovirulence (B. Cha, S. Kaneko, N. Matsumoto, personal communications). CHV-1 has been described from China (79, 108) , with limited research on biological control at the individual canker level (131, 132) . No biological control programs are being conducted with hypovirulence in China (K. Wang, personal communication).
Hypovirulence in North America
As early as the mid-1970s, researchers were releasing hypoviruses for biological control of chestnut blight in forests in the United States. Almost without exception, these efforts failed, regardless of how success is evaluated. Only in special circumstances, e.g., in Michigan (see below), or by extraordinary efforts have hypoviruses had any positive effects in North America. Below we report a few prominent examples, each of which highlights unique situations.
One question that frequently arises is the difference between Europe and North America with respect to chestnut blight and hypovirulence. Chestnut trees in North America experience a very different existence from that of trees in Europe, as described above. First, the trees are different species, with European chestnut being somewhat more resistant to blight than are American chestnut (49) , although, to our knowledge, a rigorous study comparing susceptibility of the two species has never been published. Second, chestnuts in North American forests are usually small understory shoots unless competing vegetation is removed, e.g., after clearcutting of other tree species. Chestnut regeneration in clear-cuts may be blight-free for a while, but invariably succumbs to blight that occurs in a cyclical fashion (58). In contrast to orchards, there is essentially no management for chestnuts in forests of North America.
WEST VIRGINIA Experimental releases of hypoviruses were made from 1978 to 1982 at two sites in West Virginia forests with high densities of regenerating chestnut trees that emerged after clearcutting (38, 87) . The hypovirulent isolates used in this study were later identified as containing one or more of CHV-1, CHV-3, or CHV-4 (82). At each site, releases were made in multiple small plots that contained a total of almost 500 trees. All cankers present on these trees were treated at the beginning of the study by inoculation of the hypovirus-infected isolates of C. parasitica into wounds made around the perimeter of each canker (53) . Subsequently, new cankers were treated as they appeared. During the fiveyear treatment period, more than 2000 cankers were treated.
Despite the intensive application of hypovirulence, chestnut blight epidemics raged in the experimental plots. More than half of the trees died in the first two years of the study, and by 1982, only 19% were still living (82) . The influx of inoculum from the epidemic in surrounding chestnut trees probably overwhelmed the treated trees and C. parasitica increased faster than viruses could spread. By 1994, 12 years after the last hypoviruses were released, other hardwood species dominated the area and chestnut stems were found in only two of the original plots in one site. The few surviving chestnut trees were deformed in appearance and all of them harbored multiple cankers, some of which were superficial or healing. Isolates of C. parasitica from inside and outside the treated areas were screened for hypoviruses (82) . None of the isolates contained CHV-1, whereas six isolates contained CHV-3. CHV-4 was found frequently both in the treated and untreated areas. However, CHV-4 is found extensively in North America, has little or no effect on the phenotype of C. parasitica (41) , and is not an effective biological control agent.
The only criterion by which this study can claim any hint of success is in the long-term persistence of CHV-3. No data are available comparing epidemics in treated and untreated plots; chestnut trees did not survive in any meaningful numbers to warrant such a comparison. Overall, this study failed to demonstrate any significant biological control.
CONNECTICUT Some of the earliest biological control efforts in the United States were carried out at the Connecticut Agricultural Experiment Station. From 1978 to 1981, every canker in a plantation of 70 American chestnuts was treated with isolates of C. parasitica containing CHV-1 or CHV-3. In 2003, 11 of the original trees were still alive, with large, confluent, healing cankers covering much of the stem surface up to 6-7 m in height (S.L. Anagnostakis, personal communication). About half of the trees were killed repeatedly by blight and then resprouted; but for 23 other trees, the sprouts that emerged after the first wave of blight were still surviving in 2003. A sample of isolates of C. parasitica from some of the cankers in this plantation appears to contain hypoviruses, 22 years after the last virus was released (S.L. Anagnostakis, personal communication).
The experience in natural forests in Connecticut was less successful. A mixture of hypovirulent isolates was released in forest plots from 1978 to 1981 (74) and assessed nine years later (5). In a later study (9), CHV-1 was released over a fiveyear period (1982) (1983) (1984) (1985) (1986) in one plot and for two years (1987 and 1988) in an adjacent plot. In both of these studies, viruses were recovered from cankers 9-11 years after the last viruses were released, and trees survived longer and were larger in the treated plots than the untreated plots.
Although these studies have been viewed as examples of limited success of hypovirulence in North American forests (20, 56, 60, 67, 103) , a more critical analysis raises some doubts. In the earlier study (5), hypoviruses were found in about half the isolates collected just outside the treated plots. The mixture of viruses released included CHV-1, CHV-3 and isolates from Virginia (74), which probably contained CHV-4 (82, 107). Most of the virus-infected isolates recovered contained relatively low amounts of dsRNA (5), which is typical of CHV-4 (41, 65, 80, 107), but not CHV-1 or CHV-3 (65). This observation is at odds with the finding of healing cankers because CHV-4, which occurs commonly in the eastern United States (107), is generally ineffective as a biological control agent (41) , and raises the question of the identity of hypoviruses that persisted in this study. No details were given on the recovery of viruses in the later study (6).
A more significant issue to consider in evaluating biological control in forests is the magnitude of effect of hypovirulence on tree size and survival. In the first study (5), the effect of therapeutic treatment was evident because healing cankers were common and trees were larger in the treated plots. Similarly, trees immediately outside of the treated plots were larger than controls, but tree size declined further away. Anagnostakis (5) concluded from this study that biological control may be beginning; however, so far, no follow-up results have been published. It is difficult to assess fully the effects of hypovirulence on tree survival from either of these studies (5, 6) because of inadequate controls. Regardless of this problem, the number and size of chestnut stems in treated plots declined markedly because of chestnut blight, indicating a failure of hypovirulence to protect trees from lethal infections.
VIRGINIA As in Connecticut, Griffin (56) conducted experiments on trees under conditions more like a plantation than a natural forest. Three chestnut rootstocks were grafted with scions from large surviving American chestnut trees that were thought to be more blight resistant than average (37) . All surrounding vegetation was cleared from the grafted trees to favor their growth. Several years after grafting, cankers on the trees were treated with isolates of C. parasitica containing CHV-1. Assessments of the same trees 16 years later showed that they were surviving 321 and relatively healthy compared to untreated chestnut stems nearby. All sprout clusters of untreated trees had at least one sunken or active canker and the largest stems in 95% of the clusters were dead. The treated trees, however, had relatively few sunken cankers, but numerous swollen or healing cankers (37) . On closer examination, numerous isolates of C. parasitica from cankers on the grafted trees had white colonies in culture and contained CHV-1 (69, 114) .
This study represents a limited success story for hypovirulence in North America: Individual trees survived, in part, because of treatment with hypovirulence. However, success must be qualified by the fact that the stand of trees was more like a plantation plot than a natural forest, and that CHV-1 did not spread beyond the treated trees to the naturally occurring chestnut stems, which experienced high mortality. Finally, grafted trees were not used as controls in this experiment so it is impossible to separate the effects of hypovirulence from environmental conditions. WISCONSIN In West Salem, Wisconsin, a large isolated stand of American chestnut trees developed from a few trees planted by settlers in the 1880s. This stand remained blight-free until 1986. After several years of unsuccessful efforts at sanitation and eradication, a biological control program was initiated (34, 39) . Beginning in 1992, CHV-3 was used to treat about 150 cankers on 39 trees for the first three years; later, as the epidemic progressed, CHV-1 was used to treat about 500 more cankers on 96 trees for an additional three years. By 1997, many of the treated cankers produced significant callous tissue (i.e., "healing cankers") and This stand appeared to be an ideal location for biological control with hypovirulence because at the time of the first virus release the epidemic was in early stages and the population of C. parasitica comprised a single clone, which should facilitate transmission between individual cankers (described in more detail below). Nonetheless, the spread of hypoviruses to cankers on untreated trees has been poor (39); by 1997 only 9% of cankers on untreated trees contained hypovirus (W.L. MacDonald & M.L. Double, personal communication). Overall, the number of cankers and infected trees increased rapidly over this same time and may soon cause significant tree mortality (34) .
Because this stand was unique and considered to be highly valuable, no parts were left untreated as a control, and therefore it is not possible to estimate the effects of hypovirulence on disease progress. Hypovirulence may have slowed the epidemic, but disease has increased at alarming rates and appears to be progressing faster than viruses can spread (34, 73) . Why viruses do not disperse to cankers on new trees needs to be addressed in further studies.
MICHIGAN AND ONTARIO
Biological control with hypovirulence is a naturally occurring phenomenon in some chestnut stands in Michigan (22, 46, 86) . Most of Michigan is outside the natural range of the American chestnut, but settlers planted chestnut trees there in the 1800s. When blight first arrived in Michigan, many of the trees were killed. However, 10-15 years later the rate of dieback had slowed and some stands had begun to recover (21) . In some areas, large chestnut trees survived, even though they were severely damaged by blight and harbored multiple cankers. Many cankers, but not all, however, were swollen and C. parasitica isolated from them contained CHV-3 (46) .
Chestnut blight and the condition of chestnut trees in Ontario is similar to that of Michigan (91) . Hypovirulent isolates have been found in several sites associated with recovering chestnut trees (40) . As in Michigan, these isolates contain CHV-3 (92, 93) .
Chestnut stands in Michigan are almost certainly surviving because of hypovirulence, representing a biological control success story in North America, perhaps the only one. The role of hypovirulence in Ontario is less clear (91) . But what is the extent of this success? Descriptions and photographs of recovering chestnut trees are often of blight-damaged, deformed trees (46, 91) , and blight is still the dominant stress on chestnut trees (86) . And yet chestnut trees survive and reproduce by seed, and seedlings can be found in some stands-something that is rare in forests in the rest of North America. In some stands, numerous large trees can be found, with few active cankers, resembling some of the healthiest coppice stands in Europe (W.L. MacDonald, personal communication). Naturally occurring hypovirulence in Michigan is clearly the most outstanding success in North America.
VEGETATIVE INCOMPATIBILITY AND VIRUS TRANSMISSION
The overall failure of hypovirulence to become established in North America has been attributed to multiple causes, but the factor that has received most attention is the restriction of virus transmission between individuals (horizontal transmission) by vegetative incompatibility. Horizontal transmission rates are often one of the most important parameters in models of pathogen invasion (11) or evolution of virulence (24, 44) and therefore the primary focus on transmission rates seems appropriate.
Fungal viruses have no extracellular phase and are often transmitted vertically from parent to offspring in spores, although typically not in ascospores. Horizontal transmission only occurs after hyphal anastomosis and the mixing of cytoplasm of one individual with another (23, 97) . Vegetative incompatibility, however, reduces virus transmission between individuals (3, 30, 71, 85) . For this reason, hypoviruses in Europe have been deployed in single isolates of C. parasitica able to transmit virus to the most frequent vc types in each population (17-19, 51, 126) , in multiple isolates with a variety of vc types (74, 78, 87) , or by isolating C. parasitica from cankers in the field, transmitting hypoviruses into each isolate in the laboratory, and treating the same cankers with isogenic-and therefore vegetatively compatiblevirus-infected isolates (9).
Vegetative incompatibility is a self/nonself recognition system that results in programmed cell death when cells of incompatible individuals anastomose (14, 47, 119) . Cell death between incompatible individuals prevents heterokaryon formation in C. parasitica (70; M.L. Smith & M.G. Milgroom, unpublished data) and reduces virus transmission. In C. parasitica, vegetative incompatibility is controlled by at least six unlinked vegetative incompatibility (vic) loci, with two alleles at each locus (31) . Individuals are vegetatively compatible if they share the same alleles at all vic loci, but are incompatible if they differ at one or more locus. Therefore, a vc type is defined by the alleles at multiple vic loci. The probability of transmission between individuals in different vc types depends on the number of vic loci with different alleles (10, 85) and on the specific loci that are different (30, 71) . Differences in vic alleles have variable effects on virus transmission, including marked asymmetry between the same two individuals, depending on which alleles are in the virus donor and which are in the recipient (30) . Variation in virus transmission correlates to the rate at which cells die after anastomosis. If cell death occurs rapidly, virus transmission is markedly reduced; if cell death is delayed, viruses can be transmitted between incompatible individuals at higher frequencies (14) .
The association between vegetative incompatibility and virus transmission was extended to the population level with the observation that biological control was generally more successful in Europe, where the diversity of vc types was low, than in North America, where diversity was relatively high (8). More extensive sampling a decade or more later showed that vc type diversity in Europe is variable; some populations have almost no diversity, whereas others are relatively high (20, 32, 33, 68, 115, 116, 122) . In Italy, the diversity of vc types correlates to the proportion of cankers in which perithecia of C. parasitica were found (98) , suggesting that sexual reproduction maintains the diversity of multilocus genotypes (96) . Interestingly, in North American populations where CHV-3 is naturally found, vc type diversity is relatively low (81, 92) compared to populations in the Appalachian region (98, 101) .
The relationship between vc type diversity and virus transmission can be analyzed in greater detail because vic genotypes are known for almost every vc type in Europe (31, 33) , with the exception of parts of France and northeastern Spain (115, 124) . Cortesi et al. (30) developed a regression model based on laboratory results to predict the probability of transmission between any pair of the 64 known vic genotypes. Therefore, for each population with a known distribution of vic genotypes, it is possible to estimate the expected probability of transmission as the mean probability from the regression model over all pairs of individuals in a population (unpublished results); this is equivalent to the average probability of transmission between any two randomly selected individuals within a given population. Expected transmission is highly negatively correlated to vc type diversity (Figure 1 ) for the Italian, Swiss, and American populations for which vic genotype are available (98) , quantitatively confirming the intuitive or qualitative predictions for this system (8, 95, 97) .
The relationship between vc type diversity and virus invasion has also been addressed with mathematical modeling. Although not explicitly modeling hypovirulence in C. parasitica, Taylor et al. (123) analyzed a system of differential equations and found that viruses could invade at equilibrium if the mean transmission rate was greater than zero. In other words, given enough time and at least some "leakiness" in transmission between vc types, viruses will eventually be transmitted into every vc type and then spread freely within vc types. Liu et al. (83) took a different modeling approach and simulated transmission in a spatially explicit stochastic model specific to hypovirulence in C. parasitica. Spatial aggregation of vc types (101) and RFLP genotypes (99) suggests that restricted dispersal is a reasonable assumption and that a spatially explicit model is appropriate. The two models gave essentially the same result when virus invasion was simulated under the assumption of completely random contact among fungal individuals. However, spatially restricting virus transmission between fungal individuals on the same or neighboring trees (depending on assumptions about dispersal distances) resulted in a threshold of intermediate vc type diversity, above which viruses could not invade (Figure 2 ). Perhaps it is only coincidence, but the theoretical threshold of approximately 2.0 (Shannon diversity index) in vc type diversity (Figure 2 ) lies at the upper limit of European populations and well below diversity in American populations (Figure 1) , i.e., below the theoretical diversity threshold viruses have invaded in Europe, but not above it in North America.
Advances in molecular virology of hypoviruses have led to a novel approach for trying to overcome transmission barriers caused by vegetative incompatibility (103). Choi & Nuss (28) constructed full-length cDNA copies of CHV-1 and used them to transform C. parasitica. The resulting transgenic strains exhibit all the characteristics of normal hypovirulent strains, but also have the complete viral genome as a transgene. When transgenic strains mate (as males only) in the laboratory, half of the offspring contain the transgene and are hypovirulent (27) . Therefore, the strategy of releasing transgenic strains for biological control is based on the goal of getting them to mate so that viruses will be introduced into recombinant vc types and dispersed by ascospores. A preliminary study (7) demonstrated that viruses were transmitted to about 30% of ascospores sampled from perithecia under field conditions. Only five of 35 isolates from airborne ascospores sampled in the test plot contained CHV-1 one year after deployment, but none (out of 115) in the following year. Three years after transgenic strains were released, isolates containing CHV-1 were found in cankers on treated trees and on one tree that had not been treated. One virus-containing isolate, which was hygromycin-resistant (from the transformation vector), was in a different vc type from those used for releasing viruses or the canker isolates that were treated, indicating that transmission had occurred via ascospores. Although some persistence of CHV-1 from transgenic strains was observed, it was not a resounding success. Efforts are under way to develop additional transgenic strains that may allow better colonization by C. parasitica (26) .
At first glance, transgenic strains seem like an ideal tool for breaching the vegetative incompatibility barrier. However, viral transgenes themselves do not persist because they are equivalent to highly deleterious nuclear genes that will be strongly selected against. In some ways the transgenic strategy is not much different from previous attempts to deploy hypoviruses into a large number of vc types. For example, in Connecticut, each canker appearing for over a five-year period was treated with a vegetatively compatible, virus-infected isolate (9), guaranteeing successful transmission to every treated canker. However, control was not successful in this earlier study (see above); only marginal improvement of chestnut trees was observed (6). To compare the conventional release of hypovirulence to the transgenic strains, Liu et al. (83) simulated both strategies and found only a small quantitative improvement in virus invasion with transgenic strains (Figure 3) , even though assumptions about transgenic strains were made to favor their establishment.
Despite vegetative incompatibility barriers observed in the laboratory and the evident focus on vegetative incompatibility in relation to hypovirulence, several lines of evidence question its importance in the field. For example, the incidence of hypoviruses estimated in Italian populations of C. parasitica (unpublished data) does not correlate to expected transmission (Figure 4) , which is highly correlated with vc type diversity (Figure 1 ). Several studies have reported finding viruses in vc types different from those originally released (5, 69, 82), indicating that transmission does occur between vc types in nature. By estimating migration of CHV-1 from genealogies of virus sequences in two populations in Italy, Carbone et al. (25) found no evidence for the restriction of transmission between vc types in nature. Moreover, they found discordance between expected transmission probabilities based on the regression model from laboratory studies and migration rates. Genealogical analyses may be more representative of transmission dynamics in nature because they integrate over many interactions between fungal individuals, over a long period of time (years), compared to brief laboratory assays (days), which are done in artificial conditions (30) . Discrepancies between laboratory and field studies on transmission were noted previously, with greater transmission occurring between vc types in treated cankers under field conditions (17, 38) . Finally, one of the most compelling studies that questions the role of vegetative incompatibility inhibiting virus transmission is the failure of hypoviruses to control blight in a population in Wisconsin (see above) in which C. parasitica was present in a few spatially segregated clones. Clearly, low vc type diversity alone does not guarantee the successful spread of hypovirulence, but is only one of several factors affecting virus transmission. In this context, the significance of vegetative incompatibility inhibiting transmission in the field may be overestimated.
VIRULENCE OF HYPOVIRUSES TO C. PARASITICA
Theory for the evolution of virulence (in this case, virulence of hypoviruses toward C. parasitica) frequently focuses on modes and rates of transmission (24, 44) . Viruses that depend on vertical transmission (from parent to offspring) typically evolve low virulence because they depend on their host's reproduction (fitness) for their own transmission to new hosts (97) . Conversely, greater virulence is favored (under some conditions) when horizontal transmission rates are high. Fungal viruses have no extracellular phase for dispersal and depend largely on vertical transmission. Not surprisingly, the vast majority of fungal viruses have no noticeable effects on the fitness or phenotypes of their hosts (23, 97) . Hypoviruses, therefore, are more the exception than the rule in this regard.
Hypoviruses are dispersed by conidia of C. parasitica, whether the conidium carrying a virus forms a new canker (vertical transmission) or transmits virus to another fungal individual by hyphal anastomosis (horizontal transmission). Regardless of transmission mode, hypoviruses depend on asexual sporulation by C. parasitica. Hypoviruses typically cause large reductions in sporulation in vitro (26, 106) , thus affecting their own transmission. These effects may be partially offset by high light (63), and abundant sporulation by virus-infected strains has been observed on dead wood in nature (111) , casting some uncertainty on the relevance of in vitro assays. The percentage of conidia containing hypoviruses is variable and may also affect the ability of viruses to spread in nature. Transmission via conidia was observed to be >95% in vitro for CHV-1 with European isolates of C. parasitica (106) , but <10% in some Chinese isolates (Y.-C. Liu & M.G. Milgroom, unpublished data). Transmission of CHV-3 tends to be lower, varying from 0% to 90% (93) . Variation in vertical transmission rates may be a function of the virus, the fungus, or an interaction between them, although no data are yet available to determine which is responsible.
Strains of CHV-1 vary in virulence to C. parasitica. Some strains of CHV-1 produce severe symptoms in C. parasitica and reduce sporulation almost completely, e.g., CHV-1/EP713, whereas others are milder and allow markedly more sporulation, e.g., CHV-1/Euro7 (26, 106) . Isolates related to the milder CHV-1 strain are much more prevalent in Europe (1), and show little variation in virulence within populations (106, 112) . In France, CHV-1/EP713 was released for biological control in coppice forests, but 25 years later, only the milder type of virus similar to CHV-1/Euro7 was found, presumably after a natural invasion (117) . In North America, the most common hypovirus is CHV-4 (82, 107), which has little or no effect on the growth and sporulation of C. parasitica (41) .
The challenge for biological control is that severe virus strains inhibit sporulation too much, whereas mild strains-although they may invade the fungal population-may not be effective enough to prevent tree mortality. Therefore, intermediate virulence may be needed for biological control to succeed (35, 86) . To this end, efforts are under way to engineer a hypovirus that uncouples sporulation from virulence (35) . Whether this is will be possible, and its deployment effective, remains to be seen.
EPIDEMIOLOGICAL FACTORS AFFECTING HYPOVIRULENCE
Success of biological control with hypovirulence depends on hypoviruses spreading through the fungal host population faster than the fungus can reproduce. Therefore, factors that affect chestnut blight epidemics per se must be considered in an integrated approach for biological control. Simply stated, any factor that reduces the rate of epidemic progress of chestnut blight will favor virus invasion, a conclusion that is supported by theoretical models (83, 123 ).
An understanding of biological control successes in Europe and failures in North America must take into account differences in tree populations and environment. Two of the most significant factors affecting the rate of chestnut blight epidemics are host resistance and the type of chestnut stand, although these two factors are confounded. American chestnuts are highly susceptible, whereas European chestnuts are less so (49) . Regardless of species, trees grown in orchards may have a better chance of survival from blight because competing vegetation is kept clear, allowing trees to grow faster. Additionally, sanitation practices that remove inoculum from the stand may reduce disease progress to some degree. Favorable environmental conditions or management practices reducing stress on chestnut trees may contribute to more vigorous tree growth, which may favor the establishment of hypovirulence (57, 58). Environmental or climatic conditions are less obvious factors affecting biological control because they are highly variable where chestnuts grow, both within and between North America and Europe.
A critical factor in chestnut blight epidemiology is whether C. parasitica reproduces by ascospores or by conidia. As described above, sexual reproduction occurs more frequently in North America than in Europe and maintains the diversity of vc types (98) . Sexual reproduction has two additional epidemiological effects: Ascospores are virus-free (25) and disperse longer distances than conidia do (59). Longer dispersal distances reduce hypovirus invasion of populations of C. parasitica, even without recombination maintaining genetic barriers by vegetative incompatibility (83) ; this type of reproduction occurs frequently in C. parasitica, for example, by self-fertilization (88) (89) (90) 100) . Therefore, the greater prevalence of sexual reproduction in C. parasitica in North America compared to Europe has ecological as well as genetic effects in reducing virus invasion.
CONCLUSIONS
Hypovirulence in C. parasitica is often portrayed as a success story of biological control, but this assessment needs several qualifications. At the individual canker level, therapeutic treatment with hypovirulence is highly successful, and is relevant in intensively managed, high-value orchards or plantations. This perception has spread to hypovirulence in general, despite evidence to the contrary at the population level. We focused this review more on the natural spread of hypovirulence from treated cankers or following the natural invasion of hypovirulence in a chestnut stand. On the one hand, natural spread appears to occur in some stands of chestnuts in Europe and trees experience high disease incidence, but low severity (mostly healing cankers) and little blight-induced mortality. On the other hand, other chestnut stands in Europe exhibit high disease incidence, relatively few healing cankers, and high mortality (72; unpublished observations). Moreover, healing cankers can also be found in stands with high blight-induced mortality, having little apparent effect on disease progress. The factors determining the success of hypovirulence have not been fully determined but may be related to stand type, tree age, stage of the epidemic, and when hypoviruses were introduced in each stand. The situation in North America is similarly variable, with much less success overall than in Europe. Deployment of hypovirulence in eastern North America has been an almost complete failure except for marginal increases in tree survival, or in extraordinary circumstances more like managed orchards or plantations in Europe than natural forests. In contrast, hypovirulence occurs naturally in Michigan, and in some places, trees are remarkably healthy.
One of the most notable features of hypovirulence in forest stands is that many of the examples of successful control have resulted from the natural establishment of hypoviruses, not from deliberate introductions. Treatment of existing cankers with hypoviruses is effective in intensively managed orchards and plantations, but it has not been effective in establishing hypovirulence in forest stands in North America, and is only sometimes effective in European coppice stands. Reasons for the lack of establishment are not known. It may be that treatments have not been done on large enough scales relative to the size of the pathogen population in the surrounding chestnut population. Alternatively, treatments may need to be carried out for longer times to allow the viruses to establish control. Or, perhaps viruses need to be deployed before blight is severe, in order to be present when inoculum of C. parasitica increases to a critical level. In European forests and in Michigan, the natural establishment of hypovirulence has tended to follow an initially severe epidemic. We simply do not understand enough about the epidemiological dynamics to determine the relevance of this pattern.
The concept of biological control with hypovirulence is appealing from biological, environmental, and economic perspectives. Our contention is that the perception of success has been the result of optimism on the part of both writers and readers of hypovirulence literature. A critical review of published data shows that healthy stands of chestnuts in Europe may be correlated to the presence of hypoviruses and healing cankers, but no experimental data exist to demonstrate unequivocally a cause-and-effect relationship. Hypovirulence may have become established because chestnut blight was not as severe in Europe as in North America, and trees are surviving because of a combination of lower severity and hypovirulence. Experimental testing of the effects of hypovirulence may be feasible in some areas near the epidemic front where hypovirulence has not already become common. It is in those areas that hypovirus-free sites can be identified and used to release hypoviruses in controlled experiments.
Regardless of the practical aspects of biological control, hypovirulence is an intriguing phenomenon with many unanswered questions. Understanding what factors promote the invasion and establishment of hypoviruses in populations of C. parasitica is the most pressing challenge from a biological control perspective, as well as for population biology. This system will continue to be at the forefront of understanding fungus-virus interactions at the cellular and molecular level. In a broader context, the application of hypovirulence for biological control of other plant-pathogenic fungi has some promise, but with many of the same constraints as those discussed for chestnut blight. Efforts are being made to transmit Cryphonectria hypovirus into related species (118, 129) . In this respect, some of the lessons learned from hypovirulence in C. parasitica may be directly applicable to other systems.
ACKNOWLEDGMENTS
We are grateful to the following people for sharing their unpublished observations on hypovirulence: S.L. Anagnostakis, M. Bisiach, M.L. Double 
